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Xenobiotics exposure increases endoplasmic reticulum (ER)
proliferation and cytochrome P-450 (CYP) induction to sustain
metabolic requirements. Whether autophagy is essential for the
removal of excess ER and CYP and whether an autophagy recep-
tor is involved in this process in mammals remains elusive. In
this study, we show that autophagy is induced in mouse livers
after withdrawal of the hepatic mitogen 1,4-bis[2-(3,5-dichloro-
pyridyloxy)] benzene (TCPOBOP). Although isolated autopha-
gosomes, autolysosomes, and lysosomes from mouse livers after
withdrawal of TCPOBOP contained ER proteins, those in con-
trol mouse livers did not. Liver-specific Atg5 knockout mice had
higher basal hepatic ER content that was further increased and
sustained after withdrawal of TCPOBOP compared with wild-
type mice. In addition to regulating ER degradation, our results
also suggest that autophagy plays a role in regulating the home-
ostasis of hepatic CYP because blocking autophagy led to
increased CYP2B10 accumulation either at the basal level or
following TCPOBOP withdrawal. Furthermore, we found that
the autophagy receptor protein sequestosome 1 (SQSTM1)/p62
is associated with the ER. After withdrawal of TCPOBOP, p62
knockout mice had increased ER content in the liver compared
with wild-type mice. These results suggest that p62 may act as an
autophagy receptor for the autophagic removal of excess ER in

the mouse liver. Taken together, our results indicate that
autophagy is important for the removal of excess ER and hepatic
CYP enzymes in mouse livers, a process associated with the
autophagy receptor protein p62.

Detection and removal of excess or damaged organelles are cru-
cial to maintain cellular homeostasis and assure cell survival. To
achieve this balance between degradation and biogenesis of new
organelles, cells utilize a conserved process called autophagy
(1). In response to starvation, non-selective autophagy is acti-
vated to provide cells with essential amino acids and nutrients
for their survival. In contrast, selective autophagy occurs to
specifically remove damaged or excess organelles even under
nutrient-rich conditions. Selective autophagy is usually medi-
ated by ubiquitin signaling and autophagy receptor proteins
such as Sequestosome 1 (SQSTM1)/p62 (hereafter referred to
as p62), NBR1 (a neighbor of BRCA1 gene 1), nuclear domain
10 protein 52 kDa (NDP52), or optineurin (2, 3). Autophagy
receptor proteins share common features of both binding to
ubiquitin through ubiquitin-associated domains and LC3
protein through their LC3-interacting region (3–5).

The endoplasmic reticulum (ER)4 is composed of very dy-
namic membrane tubules that can undergo dramatic changes
in their numbers and sizes to meet demands for changes of
ER-related functions. For example, a massive increase of rough
ER occurs when B lymphocytes differentiate into plasma B cells
to meet demands for the synthesis and secretion of prodigious
amounts of immunoglobulin (6). Increased proliferation of
smooth ER is likewise observed in cultured cells overexpressing
HMG-CoA reductase (7, 8). In yeast, activation of the unfolded
protein response, a conserved signaling pathway that relieves
ER stress by activating a transcriptional program, also increases
ER expansion and volume (9). Furthermore, it was discovered
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that Atg8 is closely associated with the ER compartment and
that autophagic vacuoles contained ER membranes, suggesting
a possible involvement of autophagy in the regulation of ER
homeostasis (a term referred to as erphagy) in yeast (9). Two
recent studies suggest that selective erphagy in yeast is regu-
lated by the receptor protein Atg40, whereas erphagy in mam-
mals is regulated by FAM134B, which has been implicated in
the degeneration of sensory neurons (10, 11).

In mammals, the liver is a major site of producing cyto-
chrome P-450 (CYP) enzymes to ensure the metabolism of
xenobiotics, a process that generally causes proliferation of
smooth ER. For example, in response to phenobarbital or 1,4-
bis [2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP), two
constitutive androstane receptor (CAR) agonists, there is an
increase in the proliferation of ER and hepatocytes in rodent
livers concomitant with the induction of several CYP enzymes
such as CYP2B and CYP3A (12–14). More interestingly, the
proliferating ER can return to normal after the cessation of
phenobarbital treatment in rat livers, suggesting that cells can
utilize a mechanism or mechanisms to regulate the homeostasis
of the ER by removing excess ER (13). Although autophagy has
been suggested to play a role in regulating the homeostasis of
the ER in these studies, this notion was mainly based on a mor-
phological analysis that showed double-membrane autophago-
somes enveloped with ER membranes (12, 13). However, the
molecular and biochemical basis of how autophagy regulates
ER homeostasis after exposure to xenobiotics in mammals is
not clear. Concomitant with the proliferation of the ER, xeno-
biotics often induce various CYPs for their metabolism.
Whether autophagy plays a role in regulating hepatic CYP

homeostasis is also not known. Given the recent rapid progress
and the availability of multiple genetic animal and molecular
tools for autophagy research, we aimed to explore this interest-
ing phenomenon and determined the role and mechanisms of
how autophagy regulates the homeostasis of hepatic ER. In this
study, we analyzed the clearance of excess ER after TCPOBOP
withdrawal in GFP-LC3 transgenic mice and liver-specific Atg5
knockout (Li-ATG5 KO, Atg5fl/fl, Cre�) mice. Our results indi-
cate that TCPOBOP-induced ER proliferation is CAR-depen-
dent. Autophagy is important for removal of excess ER and
hepatic CYP enzymes in mouse livers after TCPOBOP with-
drawal, which may be mediated by the autophagy receptor pro-
tein p62.

Results

Dynamic Changes of ER Content after Withdrawal of
TCPOBOP in Mouse Livers—GFP-LC3 transgenic mice were
sacrificed on days 1, 3, 6, and 9 after withdrawal of TCPOBOP
administration (Fig. 1A). We found that the mouse liver to body
weight ratio and serum alanine aminotransferase (ALT) levels
increased after withdrawal of TCPOBOP (Fig. 2, A and B).
Increased liver size was likely due to increased hepatocyte pro-
liferation because withdrawal of TCPOBOP increased the lev-
els of proliferating cell nuclear antigen (data not shown), a
marker for proliferating hepatocytes. Western blotting analysis
revealed that ER proteins, including the ER structural proteins
CLIMP-63 and RTN4 (reticulon4 or Nogo-B), as well as the
p450 enzyme CYP2B10 initially increased on day 1, peaked
around days 3– 6, and began declining on day 9 after withdrawal
of TCPOBOP (Fig. 2, C and D). It should be noted that the

FIGURE 1. Schematics of the mouse treatment. A, male mice (8–12 weeks old) were either administered with vehicle (DMSO) or TCPOBOP (3 mg/kg) once a day (D)
for 3 consecutive days. Mice were sacrificed 1, 3, 6, 9, and 12 days after withdrawal of TCPOBOP administration. The day 0 group consisted of mice that were sacrificed
1 day after withdrawal of DMSO administration. B, experimental schematic of the CQ treatment. Male mice were administered DMSO or TCPOBOP (3 mg/kg) once a day
for 3 consecutive days. After withdrawal of DMSO or TCPOBOP administration, mice were further treated with saline or CQ (60 mg/kg) by one single intraperitoneal
injection per day on days 2, 4, and 6. Then all mice were sacrificed 4 h after the last administration of CQ or saline on day 6.
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magnitude of the degradation of each protein varied slightly.
The degradation of CYP2B10 was less evident, likely because of
the consistently increased expression of Cyp2b10 compared
with other genes (Fig. 2G). Our results are also in agreement
with a recent report that, in response to starvation, the levels of
CLIMP-63 and RTN4 increased in Fam134b knockout mouse
embryonic fibroblasts that have impaired erphagy (10). We
found that the ER content did not change during the same time
course after withdrawal of vehicle administration (data not
shown). Furthermore, EM studies revealed a dramatic increase
of ER structures on days 3 and 6 after withdrawal of TCPOBOP,
but they returned to the basal control level on day 9 (Fig. 2E).
Proliferating ER occupied majority of the cytosol in hepatocytes
with an enlarged and dilated ER lumen on day 3 or tubular ER
structures with some extent of dilation on day 6 after with-
drawal of TCPOBOP. ER showed normal tubular structures
that were enriched around mitochondrial areas on day 9 after

withdrawal of TCPOBOP. Quantitative EM morphometric
analysis of ER areas also revealed that the areas of ER in the
cytosol increased on day 3 but declined on day 9 after with-
drawal of TCPOBOP (Fig. 2F). The expression levels of
Cyp2b10 and Cyp3a11 increased on day 1 and remained rela-
tively constant on day 9, even after withdrawal of TCPOBOP,
but the expression levels of Cyp2e1, Grp78, and the autophagy
gene Map1lc3b did not change after withdrawal of TCPOBOP
(Fig. 2G) (14). Collectively, these data suggest that withdrawal
of TCPOBOP induces dynamic changes of ER content in
hepatocytes.

Autophagy Is Induced to Remove Excess ER after Withdrawal
of TCPOBOP—The results from fluorescence microscopy of
cryo-liver sections revealed that TCPOBOP treatment mark-
edly increased GFP-LC3 puncta in the liver, which represent
autophagosomes in hepatocytes (Fig. 3, A and B). Immuno-
blot analysis indicated that the levels of free GFP increased

FIGURE 2. Induction of dynamic ER changes in GFP-LC3 transgenic mice after withdrawal of TCPOBOP administration. Male GFP-LC3 transgenic mice
were either administered vehicle (DMSO) or TCPOBOP (3 mg/kg) once a day for 3 consecutive days. Mice were sacrificed 1, 3, 6, and 9 days after withdrawal of
TCPOBOP administration. The day 0 (D0) group consisted of mice that were sacrificed 1 day after withdrawal of DMSO administration. A and B, the ratios of
liver-to-body weight (A) and serum ALT levels (B) were quantified. Data are mean � S.E. (n � 3). *, p � 0.05 compared with the day 0 group (one-way ANOVA).
C and D, total liver lysates were subjected to Western blotting analysis (C) and followed by densitometry analysis (D). All proteins were normalized to the
loading control �-actin and presented as the -fold over vehicle control groups (mean � S.E., n � 3). *, p � 0.05; one-way ANOVA. D, day. E, liver tissues were
processed for EM studies. Shown is withdrawal of vehicle control (DMSO) and TCPOBOP (day 3, 6, and 9). Top right panel, an enlarged photograph from the
boxed area. Arrows denote the ER. M, mitochondrion; N, nucleus. F, ER volumes were quantified using ImageJ software as described under “Materials and
Methods.” Data are presented as the percentage of the volume of the ER versus cytosol area (mean � S.E., n � 3). EM images were quantified from three
different mice, and more than 10 cell sections were randomly selected and quantified in a blinded fashion from each mouse. *, p � 0.05; one-way ANOVA. G,
hepatic mRNA was isolated, and real-time RT-PCR was performed as described under “Materials and Methods.” Data are presented as mean � S.E. (n � 3). *, p �
0.05 compared with the day 0 group (one-way ANOVA).
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after withdrawal of TCPOBOP (Fig. 3C). Free GFP is cleaved
and released from the GFP-LC3 fusion protein in autolyso-
somes (15, 16). These results suggest that autophagic flux may
be increased after withdrawal of TCPOBOP. EM studies indi-
cated an increased accumulation of autophagosomes after
TCPOBOP withdrawal (Fig. 3, D and E), and 20 –50% double-
membrane autophagosomes contained ER (Fig. 3, D, c–e, and
F), suggesting that excess ER induced by TCPOBOP withdrawal
may be removed via autophagy. Immuno-EM analysis revealed
that these double-membrane structures were indeed GFP-LC3-
positive autophagosomes (Fig. 3D, f and g). Isolated autophago-
somes from livers after TCPOBOP withdrawal were enriched
with double-membrane vesicles (Fig. 4A, a, arrows), and some
of them seemed to have enveloped ER inside the vesicles (Fig.
4A, d, arrows). Autolysosomes and lysosomes were enriched
with electron-dense single-membrane vesicles with little ER or
mitochondrial contamination (Fig. 4A, b and c). The ER frac-
tion was abundant with ER vesicles that had ribosomes deco-
rating the surface of the ER (Fig. 4A, e and f, arrows). Western
blotting analysis also revealed that isolated autophagosomes,
autolysosomes, and lysosomes were abundant with LC3-II and
lysosomal-associated membrane protein 1 (Lamp1, a lysosomal
membrane protein) (Fig. 4B), which is consistent with previous
reports (17, 18). Furthermore, only the lysosomal and autolyso-
somal fractions contained matured cathepsin B. These
results, together with our EM studies, indicate that the cel-

lular fractions we isolated were relatively pure. More impor-
tantly, the isolated autophagosomes, autolysosomes, and lyso-
somes contained the ER proteins RTN4 and CYP2B10 only
after withdrawal of TCPOBOP administration but not vehicle
control (DMSO) (Fig. 4B). Of those, isolated autophagosomes
and autolysosomes also had increased p62 protein in the
TCPOBOP withdrawal group compared with the vehicle con-
trol group (Fig. 4B). These results indicate that excess ER is
indeed enveloped specifically by autophagosomes/autolyso-
somes for their autophagic degradation after withdrawal of
TCPOBOP administration.

Pharmacological Inhibition of Autophagy Led to Sustained
Accumulation of ER Proteins after Withdrawal of TCPOBOP—
GFP-LC3 mice were treated with chloroquine (CQ) to inhibit
autophagic degradation after withdrawal of TCPOBOP (Fig.
1B) (19, 20). CQ treatment further increased the number of
GFP-LC3 puncta in hepatocytes after withdrawal of TCPOBOP
administration, indicating induction of autophagic flux (Fig.
5A-B). Interestingly, we found that ER proteins (CLIMP-63,
RTN4 and CYP2B10) increased in the presence of CQ after
withdrawal of TCPOBOP compared with the TCPOBOP with-
drawal group alone, although it did not reach statistical differ-
ence (Fig. 5, C and D). These results indicate that suppression of
autophagy by CQ inhibits ER turnover after withdrawal of
TCPOBOP. Furthermore, we found that the levels of most

FIGURE 3. Increased number of GFP-LC3 positive autophagosomes that contain ER in mouse liver after withdrawal of TCPOBOP administration. Male
GFP-LC3 transgenic mice were treated as in Fig. 1, and liver cryosections were analyzed by fluorescence microscopy. A, representative GFP-LC3 fluorescence
images. The enlarged photograph is from the boxed area. B, the number of GFP-LC3 puncta (mean � S.E.) was quantified. More than 30 cells were counted in
each individual section from three different mice. *, p � 0.05 compared with the day 0 group (one-way ANOVA). C, total liver lysates were subjected to
immunoblot analysis. Representative blots from three independent experiments are shown. D, mouse liver samples were processed for EM (a– e) and
immuno-EM (f and g) analysis. a, vehicle (DMSO). b, TCPOBOP (day 3). c, an enlarged photograph from the boxed area in b. d and e, representative images of
autophagosomes that contain ER (erphagy) from mouse liver after withdrawal of TCPOBOP. f and g, representative GFP-labeled double-membrane autopha-
gosomes. Arrows, ER; M, mitochondrion; N, nucleus. E, the number of autophagosomes (F) and the number of autophagosomes contained ER in mouse
hepatocytes after withdrawal of DMSO and TCPOBOP administration was quantified (mean � S.E., n � 3, more than 30 different cells were counted from each
mouse). *, p � 0.05 compared with the day 0 group (Student’s t test). AV, autophagosomes. Scale bars represent 20 �m.
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of these ER proteins were also increased by CQ treatment alone,
indicating that basal autophagy may also regulate ER homeo-
stasis under physiological conditions.

ER Proteins Are Persistently Accumulated in Li-Atg5 KO Mice
after Withdrawal of TCPOBOP—Similar to the observations in
GFP-LC3 mice (Fig. 2, A and B), we found that the liver-to-body

FIGURE 4. Isolated autophagosomes/autolysosomes contain ER from mouse livers after withdrawal of TCPOBOP administration. Male WT mice were
treated as described in Fig. 1. Mice were sacrificed on day 3 after withdrawal of either DMSO or TCPOBOP administration, followed by mouse liver fractionation.
A, all fractions were then fixed and processed for EM studies. a, autophagosomes. Arrows denote double-membrane autophagosomes. d, an enlarged photo-
graph from the boxed area in a. Arrows denote enveloped ER in the autophagosome. b, autolysosomes. c, lysosomes. e, ER. f, an enlarged photograph of the
boxed area in e. Arrows denotes ribosomes. B, proteins from total liver lysates (30 �g), ER, autolysosome (AL), lysosome (Ly), and autophagosome (AV) fractions
(5 �g) were subjected to immunoblot analysis. Asterisk, nonspecific band.

FIGURE 5. Suppression of autophagy by CQ leads to sustained accumulation of ER proteins. Male GFP-LC3 transgenic mice were treated as described in
Fig. 1B. Liver cryosections were analyzed by fluorescence microscopy, and representative images are shown in A. Bottom panel, an enlarged photograph from
the boxed area. B, the number of GFP-LC3 puncta (mean � S.E.) was quantified. More than 30 cells were counted in each individual section from three different
mice. *, p � 0.05 (one-way ANOVA). C and D, WT mice were treated as in A, and total liver lysates were subjected to immunoblot analysis (C) followed by
densitometry analysis (D). All proteins were normalized to the loading control �-actin and are presented as the -fold over vehicle control groups (mean � S.E.,
n � 3). *, p � 0.05; one-way ANOVA. Scale bars represent 20 �m.
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weight ratio and serum ALT levels were increased after with-
drawal of TCPOBOP in Atg5 WT (Atg5fl/fl, Cre�) mice (Fig. 6,
A and B). Although Li-Atg5 KO mice already had increased
liver-to-body weight ratio and serum ALT levels, as we reported
previously (20), they were further elevated after withdrawal of
TCPOBOP administration (Fig. 6, A and B), indicating that
activation of CAR by TCPOBOP may be independent of Atg5.
The deletion of Atg5 was confirmed by Western blotting anal-
ysis showing absence of the Atg5-Atg12 conjugation form, lack
of LC3-II but increased LC3-I forms, as well as increased p62
levels (Fig. 6C). After withdrawal of TCPOBOP, the levels of
CLIMP-63, RTN4, and CYP2B10 increased as early as day 1 and
declined on day 9 in WT mice. In contrast, we found that Li-
Atg5 KO mice already had increased expression of all ER pro-
teins we assessed, suggesting that blocking basal autophagy is
sufficient to increase ER content in liver. After withdrawal of
TCPOBOP, the levels of ER proteins further increased slightly
compared with day 0, and these ER proteins persistently accu-
mulated even after withdrawal of TCPOBOP in Li-Atg5 KO

mice (Fig. 6, D and E). The mRNA levels of CYP2B10 signifi-
cantly increased after withdrawal of TCPOBOP administration
in both WT and Li-Atg5 KO (data not shown), further support-
ing the notion that TCPOBOP induces CAR activation inde-
pendent of Atg5. Similar to the GFP-LC3 mice, EM studies
revealed increased ER proliferation after withdrawal of
TCPOBOP administration in Atg5 WT mice (Fig. 6F). Li-Atg5
KO mice had many aberrant multimembrane structures that
were often surrounded by multiple lipid droplets, and these
structures were not altered after withdrawal of TCPOBOP. The
lack of significant changes in ER content in Li-Atg5 KO mice
after withdrawal of TCPOBOP administration supports a crit-
ical role for autophagy in regulating hepatic ER homeostasis.

TCPOBOP Administration-induced ER Proliferation and
Induction of CYP2B10 Are CAR-dependent—To determine
whether ER proliferation and induction of CYP2B10 after with-
drawal of TCPOBOP were dependent on CAR, we assessed the
liver weight and levels of CLIMP-63, RTN4, and CYP2B10 on
days 0 and 3 after withdrawal of TCPOBOP in WT and CAR

FIGURE 6. Persistent accumulation of ER proteins in Li-Atg5 KO mice. Atg5 F/F, Cre� (Li-Atg5 KO), and Atg5 F/F, Cre� mice were treated as in Fig. 1. A and
B, ratios of liver to body weight (A) and serum ALT levels (B) were quantified. Data are presented as mean � S.E. (n � 3). *, p � 0.05 compared with the day 0
group (one-way ANOVA). #, p � 0.05 Atg5 F/F, Cre� versus Atg5 F/F, Cre� mice (Student’s t test). C–E, total liver lysates were subjected to immunoblot analysis
(C and D) followed by densitometry analysis (E). All proteins were normalized to the loading control �-actin and are presented as -fold over vehicle control
groups (mean � S.E., n � 3). *, p � 0.05; one-way ANOVA. D, day. F, liver samples were processed for EM, and representative images are shown. Arrows, ER;
arrowheads, aberrant ER membranes; M, mitochondrion; N, nucleus.
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KO mice. We found that WT mice had an increased ratio of
liver to body weight and serum ALT levels after withdrawal of
TCPOBOP that were completely inhibited in CAR KO mice
(Fig. 7, A and B). Furthermore, we found that WT mice had
increased levels of CLIMP-63, RTN4, and CYP2B10 proteins
after withdrawal of TCPOBOP for 3 days that were not seen in
CAR KO mice (Fig. 7, C and D). EM studies revealed increased
ER content after withdrawal of TCPOBOP administration in
WT mice, but the ER content remained at low levels in CAR KO
mice (Fig. 7, E and F).

p62 Localized in the ER and Was Associated with Erphagy
after Withdrawal of TCPOBOP—We found that hepatic ER
contained a remarkable amount of ubiquitinated proteins, and
the levels of ubiquitinated proteins increased after withdrawal
of TCPOBOP administration. Interestingly, we found that p62
and LC3-II localized to the ER fractions isolated from mouse
livers, and the levels of p62 and LC3-II that were associated with
the ER increased after withdrawal of TCPOBOP (Fig. 8A). The
isolated ER fractions were not contaminated with mitochon-
dria or cytosol, as demonstrated by the lack of the mitochon-
drial marker voltage-dependent anion channel (VDAC) and the
cytosolic marker �-actin but, instead, had much higher calreti-
culin levels. Immuno-EM studies revealed that ER-like content
enveloped in the autophagosomes was labeled positive for p62
(Fig. 8B). These results suggest that the autophagy receptor
protein p62 may be involved in the removal of the ER in hepa-
tocytes. To further determine the role of p62 in the removal of
excess ER after withdrawal of TCPOBOP in mouse livers, we

assessed the levels of CLIMP-63, RTN4, and CYP2B10 on days
0 and 9 after withdrawal of TCPOBOP in WT and p62 KO mice.
The reason why we chose this time point was because the ER
content returns to the basal levels in WT mice on day 9 after
withdrawal of TCPOBOP, and if p62 would be important for
selective autophagic removal of ER, then the ER content should
remain at higher levels on day 9 after withdrawal of TCPOBOP
in p62 KO mice. Similar to WT mice, after withdrawal of
TCPOBOP, the ratio of liver to body weight and ALT levels
increased in p62 KO mice (Fig. 9, A and B). However, we found
that the levels of ER proteins were much higher in p62 KO mice
than in matched WT mice after withdrawal of TCPOBOP (Fig.
9, C and D). EM studies revealed increased ER content after
withdrawal of TCPOBOP administration in p62 KO mice com-
pared with matched WT mice (Fig. 9, E and F). Taken together,
these data suggest that p62 is associated with autophagic
removal of excess ER in hepatocytes after withdrawal of
TCPOBOP.

Discussion

Autophagic removal of damaged or excess organelles such as
mitochondria (mitophagy), peroxisomes (pexophagy), and the
ER (erphagy) plays a critical role in regulating the homeostasis
of hepatocytes and other type of cells. During red blood cell
maturation, the cellular organelles, including mitochondria, are
eliminated to form mature erythrocytes. Several recent studies
indicate that the clearance of mitochondria is impaired in
ULK1, Atg7, and NIX (Nip3-like protein X) knockout mouse

FIGURE 7. CAR KO mice do not have accumulation of ER proteins after withdrawal of TCPOBOP administration. Male CAR KO and WT mice were treated
with TCPOBOP (3 mg/kg) once a day for 3 consecutive days, and mice were sacrificed 3 days after withdrawal of TCPOBOP administration. A and B, the ratio of
the liver to body weight (A) and serum ALT levels (B) were quantified. Data are presented as mean � S.E. (n � 3). ns, no statistical difference (Student’s t test).
C and D, total liver lysates were subjected to Western blotting analysis (C) followed by densitometry analysis (D). All proteins were normalized to the loading
control �-actin are and presented as -fold over vehicle control groups (mean � S.E., n � 3). *, p � 0.05; one-way ANOVA. E, liver samples were processed for EM,
and representative images are shown. Arrows, ER; N, nucleus; M, mitochondrion. F, ER areas in the cytosol were quantified using ImageJ software as described
under “Materials and Methods.” Data are presented as the percentage of the volume of the ER versus cytosol area (mean � S.E., n � 3). EM images from three
different mice are shown, and more than 10 cell sections were randomly selected and quantified in a blinded fashion from each mouse. *, p � 0.05 (Student’s
t test).
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reticulocytes, suggesting that the removal of mitochondria
from reticulocytes is dependent on autophagy (21, 22). In addi-
tion, the removal of excess peroxisomes was impaired in Atg7
KO mouse livers (23). In mammals, the liver is a vital and major

site for drug metabolism, and the ER in liver cells serves as the
central hub by expressing key metabolism enzymes of CYPs.
More than 50% of drugs are metabolized in the liver and are
oxidized by the hepatic CYPs (24). To meet the needs for the

FIGURE 8. p62 is associated with hepatic ER and autophagosomes in hepatocytes. Male WT mice were either treated with DMSO vehicle or TCPOBOP (3
mg/kg) once a day for 3 consecutive days, and mice were sacrificed 3 days after withdrawal of DMSO or TCPOBOP administration. The mouse hepatic ER fraction
was isolated using discontinuous Nycodenz gradient centrifugation as described under “Materials and Methods.” A, equal amounts of proteins from total liver
lysates and ER were subjected to immunoblot analysis. B, mouse liver samples were processed for immuno-EM analysis using an anti-p62 antibody. Arrows
denote tubular ER structures that are p62-positive. VDAC was used as a loading control for mitochondria.

FIGURE 9. p62 KO mice had increased accumulation of ER proteins after withdrawal of TCPOBOP administration. Male p62 KO and matched WT mice
were treated with TCPOBOP (3 mg/kg) once a day for 3 consecutive days, and mice were sacrificed 9 days after withdrawal of TCPOBOP administration. A and
B, the ratio of the liver to body weight (A) and serum ALT levels (B) were quantified. Data are presented as mean � S.E. (n � 3). ns, no statistical difference
(Student’s t test). D, day. C and D, total liver lysates were subjected to Western blotting analysis (C) followed by densitometry analysis (D). All proteins were
normalized to the loading control �-actin and are presented as -fold over vehicle control groups (mean � S.E., n � 3). *, p � 0.05; one-way ANOVA. E, liver
samples were processed for EM, and representative images are shown. Arrows, ER; N, nucleus; M, mitochondria. F, ER areas in the cytosol were quantified using
ImageJ software as described under “Materials and Methods.” Data were presented as the percentage of the volume of the ER versus the cytosol area (mean �
S.E., n � 3). EM images from three different mice are shown, and more than 10 cell sections were randomly selected and quantified in a blinded fashion from
each mouse. *, p � 0.05 (Student’s t test).
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metabolism of xenobiotics, liver cells need to quickly produce
more CYPs, which requires increased proliferation of ER. After
completing the mission of drug metabolism, cells must get rid
of the excess ER and CYPs to reach cellular homeostasis. Using
TCPOBOP, a potent CAR agonist and hepatic CYP2B inducer,
we recapitulated the dynamic changes of an initial rise followed
by a decrease of ER content and CYP2B levels in mouse livers
after TCPOBOP withdrawal. More importantly, based on the
pharmacological and genetic intervention of the autophagic
process, our study convincingly supports the notion that
autophagy plays a critical role in the removal of excess hepatic
ER. It should also be noted that CYP-mediated metabolism of
xenobiotics often leads to the generation of free oxygen radicals
and reactive metabolites that can, in turn, functionally and
structurally damage CYP. Several CYP enzymes have been
shown to be ubiquitinated and proteolytically degraded by
the ubiquitin proteasome system (25). However, it is not
known whether the autophagy-lysosomal pathway may also
participate in the disposal of excess/or damaged CYP enzymes.
In this study, we found that both pharmacological and genetic
inhibition of autophagy increased CYP2B expression after
TCPOBOP withdrawal. It should be noted that chronic dele-
tion of either Atg5 or Atg7 in the mouse livers leads to activa-
tion of Nrf2, which increases the gene expression of CYP2B (26,
27). Therefore, it is possible that persistent activation of Nrf2 in
LI-Atg5 KO mice may also contribute to the increased CYP2B
after TCPOBOP withdrawal. However, CQ treatment alone
also increased CYP2B levels in mouse livers without obvious
activation of Nrf2. Moreover, it is reported that deletion of Atg7
in the mouse liver does not affect proteasome activity (28).
Therefore, our results suggest that autophagy may regulate the
homeostasis of hepatic CYP by promoting autophagy-lyso-
somal degradation of CYP in addition to the proteasome.

Although the mechanisms for selective autophagy are not
well understood, increasing evidence suggests that ubiquitina-
tion of cargos and subsequent recruitment of the ubiquitin-
binding autophagy receptor complex is important for selective
autophagy. Several autophagy receptor proteins have been
identified, including p62, NBR1, NDP52, optineurin, and
ALFY, that are either important for selective removal of organ-
elles, invading pathogens, or protein aggregates (2, 3, 5). In gen-
eral, all of these receptor proteins except ALFY share a con-
served LC3-interacting region. Among them, p62 has been
shown to play a role in selective autophagy for mitochondria,
although its exact role is still controversial (29 –32). In addition
to selective mitophagy, several receptors for selective erphagy
have also reported recently. A recent study showed that BNIP3,
a Bcl-2 family protein that has a BH3 domain, an LC3-interact-
ing region motif, and a C-terminal transmembrane domain that
normally targets it to mitochondria, could also target to ER,
although the amount of BNIP3 on ER was much less than mito-
chondria (33). Furthermore, ectopic overexpression of BNIP3
on ER increased the colocalization of ER with GFP-LC3 puncta
and might promote the removal of ER via autophagy. Moreover,
two recent studies independently identified Atg40 and
FAM134B (both have a reticulon domain that may bind with
the ER membrane and an LC3-interacting region that can

directly bind with Atg8/LC3) for selective erphagy in yeast and
mammalian cells, respectively (10, 11).

In this study, we found that hepatic ER contained a remark-
able amount of p62. In contrast to Atg40 and FAM134B, p62
does not have a transmembrane domain or reticulon domain
that can be associated with the ER membrane. Its localization
on the ER is likely a secondary effect, which is most likely due to
its capability of binding with ubiquitinated proteins. Indeed, we
also found that there was a remarkable amount of ubiquitinated
proteins on isolated ER fractions, which was further increased
after withdrawal of TCPOBOP administration. It is likely that
p62 further recruits LC3-II-positive autophagosomes to the
ubiquitin-p62-decorated ER to initiate selective erphagy. The
finding that there was increased LC3-II in ER fractions isolated
from mouse livers and increased p62 in autophagosomes and
autolysosomes after withdrawal of TCPOBOP administration
might support this notion. It has been previously shown that
siRNA knockdown of either p62 or NBR1 resulted in the accu-
mulation of peroxisomes in HeLa cells, which indicates the
involvement of p62 and NBR1 in selective pexophagy (34). Sim-
ilar to p62 and NBR1-mediated pexophagy, we found that
hepatic ER content was markedly higher after withdrawal of
TCPOBOP administration in p62 KO mice than in WT mice.
Our results thus support the notion that p62 may be involved in
selective erphagy similar to its role in other selective types of
autophagy. It is highly likely that multiple receptor proteins
may be involved in selective autophagy, including erphagy.
Although FAM134B is highly expressed in neuronal tissues
and implicated in neuropathy, future studies are needed to
determine whether FAM134B also plays a role in selective
erphagy in the liver. In summary, our findings demonstrate
that excess hepatic ER after withdrawal of the xenobiotic
TCPOBOP is removed via autophagy (erphagy) that is associ-
ated with autophagy receptor protein p62. Moreover, our find-
ings also suggest that excess hepatic CYP may be degraded
via autophagy. Because of the increasing interest in clinical tri-
als for modulating autophagy together with other treatments
for treating human diseases, attention should be paid to possi-
ble altered drug-drug interactions because of the changes in
drug metabolism enzymes such as CYP caused by autophagy
manipulation.

Materials and Methods

Antibodies—The antibodies used in the study were as follows:
GFP (Santa Cruz Biotechnology, sc-9996), p62/SQSTM1
(Abnova, H00008878-M01), Lamp1 (Developmental Studies
Hybridoma Bank, 1D4B), �-actin (Sigma, a5541), GAPDH (Cell
Signaling Technology, 2118), Atg5 (MBL, PM050), CLIMP-63
(Proteintech, 16686-1-AP), RTN4 (Proteintech, 10740-1-AP),
ubiquitin (Santa Cruz Biotechnology, sc-8017), calnexin (Santa
Cruz Biotechnology, sc-11397), CYP2B (Santa Cruz Biotech-
nology, sc-53242), and calreticulin (BD Biosciences, 612136).
The rabbit polyclonal anti-LC3 antibody was described previ-
ously (35). The secondary antibodies used in this study were
HRP-conjugated goat anti-mouse (Jackson ImmunoResearch
Laboratories, 115-035-062) and rabbit antibodies (Jackson
ImmunoResearch Laboratories, 111-035-045).
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Animal Experiments—All animals received humane care. All
procedures were approved by the Institutional Animal Care
and Use Committee of the University of Kansas Medical Cen-
ter. GFP-LC3 transgenic (C57BL/6J) and B6J;129-Atg5fl/fl mice
were generated by Dr. Mizushima and were purchased from
RIKEN (Japan) (36, 37). Atg5fl/fl mice were backcrossed to
C57BL/6J for at least five generations. To induce the liver spe-
cific knockout of Atg5, we further crossed the mice with B6J-Tg
(Alb-Cre) mice as described previously (27). p62 KO mice were
generated by deletion of Sqstm1 exons 1– 4 from a trifloxed
targeted mutation allele using the MeuCre40 mice described
before (38). Breeder pairs from the CAR KO mouse line on the
C57BL/6 background were described previously (39). Male
mice were given either DMSO diluted in saline to a final
concentration of 3% or TCPOBOP (3 mg/kg, dissolved in
DMSO at 10 mg/ml and further diluted in saline to 0.3
mg/ml) via gavage once a day for 3 consecutive days. The day 0
group consisted of mice that were sacrificed at 24 h after with-
drawal of administration of DMSO. The day 1, 3, 6, 9, and 12
groups consisted of mice that were sacrificed 1, 3, 6, 9 and 12
days after the last administration of TCPOBOP (withdrawal of
TCPOBOP administration).

To inhibit autophagy and determine autophagic flux in vivo,
mice were treated either with DMSO or TCPOBOP once a day
for 3 consecutive days in the first 3 days. Mice were further
treated with CQ (60 mg/kg) by one single intraperitoneal injec-
tion per day on days 2, 4, and 6 after withdrawal of the admin-
istration of either DMSO or TCPOBOP. Then all mice were
sacrificed 4 h after the last administration of CQ on day 6. The
serum level of ALT was measured using an assay kit purchased
from Pointe Scientific as we described previously (20).

Real-time PCR—RNA was isolated from mouse livers using
TRIzol (Invitrogen) and reverse-transcribed into complemen-
tary DNA by RevertAid reverse transcriptase (Fermentas).
Real-time PCR was used to quantify CYP2E1, CYP2B10,
CYP3A11, Atg8/MAP1LC3B, BiP/GRP78, and �-actin and per-
formed on an Applied Biosystems Prism 7900HT real-time
PCR instrument (ABI, Foster City, CA) using Maxima SYBR
Green/Rox quantitative PCR reagents (Fermentas). The se-
quences of the primers were as follows: �-actin forward,
5�-TGT TAC CAA CTG GGA CGA CA-3�; �-actin reverse,
5�-GGG GTG TTG AAG GTC TCA AA-3�; Cyp2e1 forward,
5�-TGG TGG AGG AGC TCA AAA AG-3�; Cyp2e1 reverse,
5�-GTG TTC CTT GGC TTT TCC AA-3�; Cyp2b10 forward,
5�-CAA TGG GGA ACG TTG GAA GA-3�; Cyp2b10 reverse,
5�-TGA TGC ACT GGA AGA GGA AC-3�; Cyp3a11 forward,
5�-CTC AAT GGT GTG TGT ATA TCC CC-3�; Cyp3a11
reverse, 5�-CCG ATG TTC TTA GAC ACT GCC-3�;
Map1lc3b forward, 5�-CCG AGA AGA CCT TCA AGC AG-3�;
and Map1lc3b reverse, 5�-ACA CTT CGG AGA TGG GAG
TG-3�.

Subcellular Fractionation—Subcellular fractionation of the
liver was conducted as described previously with modifications
(17, 40). Wild-type male mice were treated with DMSO or
TCPOBOP (3 mg/kg) via gavage once a day for 3 consecutive
days. After withdrawal of DMSO or TCPOBOP administration,
mice were starved overnight on day 2 and sacrificed on day 3.
Livers were minced in 0.25 M sucrose and homogenized with a

Dounce homogenizer. The homogenate was diluted and centri-
fuged at 2000 � g for 5 min. The pellet was suspended and
centrifuged one more time. The pooled supernatants were then
centrifuged at 17,000 � g for 12 min. The supernatants were
collected from the previous centrifugation and further centri-
fuged at 100,000 � g for 1 h. The resulting supernatant was
cytosol, and the pellet was enriched with ER. The resulting pel-
let from the previous centrifugation was resuspended in 1.9 ml
of 0.25 M sucrose and mixed with 2.8 ml of 85.6% Nycodenz
(Accurate Chemical and Scientific), resulting in a total of 4.7 ml
of 50% Nycodenz solution and half of the solution was further
layered with 4 ml of 26%, 2 ml of 24%, 2 ml of 20%, and 2 ml of
15% Nycodenz. After centrifugation at 247,000 � g for 3 h using
a SW41 rotor (Beckman Instruments, Spinco Division, Palo
Alto, CA), each fraction was collected by a syringe, and they
were as follows: 15–20% interphase (autophagosome), 20 –24%
interphase (autolysosome), 24 –26% interphase (lysosomes),
and 50 –26% interphase (mitochondria). Each fraction was fur-
ther diluted in 0.25 M sucrose and centrifuged at 24,000 � g for
10 min, and the final pellets were resuspended in 0.25 M sucrose
supplemented with protease inhibitors.

Immunoblot Assay—Total liver lysates were prepared using
radioimmune precipitation assay buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl (lauryl) sulfate)
supplemented with protease inhibitors. Thirty micrograms of
liver lysates from each sample or from the subcellular fraction-
ations was separated by SDS-polyacrylamide gel electrophore-
sis and transferred to polyvinylidene fluoride membranes. The
membranes were stained with primary antibodies followed by
secondary HRP-conjugated antibodies. The membranes were
further developed with SuperSignal West Pico chemilumines-
cent substrate (Pierce).

Fluorescence and Electron Microscopy—Cryosection of GFP-
LC3 transgenic mouse livers was performed as described pre-
viously (19, 20), and the fluorescence images were digitally
acquired with a Nikon Eclipse 200 inverted fluorescence micro-
scope. For EM studies, liver tissues or cellular fractions were
fixed with 2.5% glutaraldehyde in 0.1 mol/liter phosphate buffer
(pH 7.4) followed by 1% OsO4. After dehydration, thin sections
were stained with uranyl acetate and lead citrate for observa-
tion under a JEM 1011CX electron microscope (JEOL). Images
were acquired digitally. The average number of autophago-
somes from each cell was determined from a randomly selected
pool of 15–20 fields under each condition. Immuno-EM was
performed as described previously (41). GFP-LC3 mice were
treated with TCPOBOP (3 mg/kg) once a day for 3 consecutive
days. Three days after withdrawal of TCPOBOP administra-
tion, mice were sacrificed, and liver tissues were fixed in 2%
paraformaldehyde/0.01% glutaraldehyde in PBS. Cells were
pelleted in 3% gelatin in PBS and solidified on ice. Small blocks
(	0.5 mm) of the cell pellet were prepared and infiltrated with
2.3 M sucrose at 4 °C overnight. Blocks were mounted on alu-
minum stubs, frozen, and sectioned. The sections (60 nm) were
picked up in drops of 2.3 M sucrose and collected on formvar-
coated mesh grids. After blocking in 1% BSA in PBS, the sec-
tions were incubated with an anti-GFP antibody or anti-p62
antibody and subsequently incubated with a secondary anti-
body conjugated with 10 nm gold particles. The sections were
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fixed in 1% glutaraldehyde and stained with ice-cold 0.4% ura-
nyl acetate/1% methyl cellulose (pH 4) and dried.

ER Volume Quantification—Digital images from the control
(day 0) group and day 3 and day 9 groups after withdrawal of
TCPOBOP administration were obtained using a JEM 1011CX
electron microscope. The ER areas were manually selected, and
the volume of the ER (areas of the ER lumen) and areas of the
cytosol were calculated using ImageJ software. The results were
generated from careful threshold and particle analysis of each
image. The circularity and particle size settings of the analysis
were changed according to the shape of the ER. Data are pre-
sented as the percentage of the volume of the ER versus the
cytosol area. More than 10 cell sections were randomly selected
and quantified in a double-blinded fashion from at least three
different mice.

Statistical Analysis—Statistical analysis was conducted with
one-way ANOVA followed by a Holm-Sidak test or by Student’s t
test as indicated. p � 0.05 was considered significant.
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ments for TCPOBOP and data analysis. F. G performed the
immuno-EM experiments. Y. D designed software and quantified
the ER volume imaging data. P. L., L. F. F., T. R., C. S., V. C. S., and
K. Z. generated the p62 KO mice. Y. C. generated the CAR KO mice.
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